1. Introduction {#s0005}
===============

The importance of bees to agriculture and horticulture cannot be overstated. Approximately a third of all crops consumed by humans globally are bee pollinated ([@bb0065]). It is notoriously difficult to estimate the economic value of the pollination services contributed by bees worldwide, but there is little doubt that it is in the billions of dollars for honey bees alone ([@bb0115]; [@bb0200]). Whilst historically the European honey bee, *Apis mellifera*, has been the focus of such estimates, the importance of other wild and managed bee species is increasingly being recognized. Wild insect species are often more efficient pollinators of crops ([@bb0120]), and wild bee species provide the same economic contribution to crop pollination as managed honey bees ([@bb0195]). Across Europe, the top wild bee crop pollinators are *Bombus terrestris / lucorum* complex and *Bombus lapidarius* ([@bb0195]). *Bombus* species are now also the main alternative to honey bees for commercial pollination in Europe and North America ([@bb0130]). They are particularly utilized in the production of tomatoes and other greenhouse crops due to their ability to buzz-pollinate ([@bb0395]), whilst the longer tongues of some bumblebee species make them better at pollinating flowers with deeper corollas ([@bb0285]). Bumblebees also start foraging earlier in the day ([@bb0340]) and continue to forage in cold and wet weather that is unsuitable for honey bees ([@bb0050]), enabling them to provide a more consistent pollination service. Because they are hardier, they are also better able to pollinate wild flowers in remote or fragmented locations, although their impact on wild plant species is less well studied than on agricultural species ([@bb0130]).

Bee populations worldwide appear to be in decline. Media focus tends to be on the colony collapse disorder phenomenon reported in honey bee colonies in the United States ([@bb0410]). However, wild pollinators, including bumblebees, also appear to have suffered dramatic declines in recent decades ([@bb0390]). For many bees, particularly solitary species, very limited or no data is available ([@bb0035]), making it difficult to accurately assess the scope of the decline. The evidence is slightly more comprehensive for bumblebees, particularly in the UK ([@bb0415]; [@bb0030]; [@bb0430]). The UK was historically home to 27 types of bumblebee; however, three of these are now extinct and a further seven have been given 'Biodiversity Action Plan' status due to dramatic declines across much of their historical range ([@bb0380]). The causes of the declines are complicated and driven by multiple interacting factors ([@bb0420]; [@bb0290]; [@bb0135]; [@bb0425]). These include habitat loss and fragmentation resulting from agricultural intensification and landscape modification ([@bb0295]; [@bb0270]; [@bb0280]; [@bb0170]), competition from commercial beekeeping and non-native species ([@bb0370]; [@bb0315]), parasites and diseases ([@bb0225]; [@bb0110]; [@bb0220]; [@bb0140]), climate change ([@bb0180]) and pesticide use ([@bb0430]; [@bb0125]; [@bb0345]; [@bb0020]).

The relationship between pesticide use and bee decline is hotly debated ([@bb0045]; [@bb0070]; [@bb0405]; [@bb0060]). Significantly more is known about the impact of pesticides on managed *A. mellifera* than wild bee species ([@bb0185]). There have been reports of bumblebee decline following field pesticide application ([@bb0020]; [@bb0330]), however, wild bee deaths from pesticide use are much more likely to go unnoticed ([@bb0130]). On a European scale, a review of the risk of neonicotinoid insecticides on bee health by the European Food Safety Authority (EFSA) in 2012 ([@bb0085]) led the European Commission to ban the use of three neonicotinoids (clothianidin, imidacloprid and thiamethoxam) on outdoor crops attractive to bees, and in cereals (except winter cereals). In December 2018, based on an updated risk assessment by EFSA, the ban was extended to all field crops. Banning these neonicotinoids has forced farmers to use alternative means of insect control on crops that previously received neonicotinoid seed treatments ([@bb0175]). For example, growers of winter oil seed rape in the UK have switched to spray applications of pyrethroid insecticides to control cabbage stem flea beetle, despite there being considerable resistance issues ([@bb0150]; [@bb0320]).

Presently, pesticide registration in the EU only requires contact and oral toxicity testing on honey bees ([@bb0090]), but this will soon be extended to additional bee species, incl. *B. terrestris,* as it is increasingly recognized that current measures to mitigate honey bee exposure to insecticides may not be sufficient to protect wild bee species ([@bb0365]). The European Crop Protection Association (ECPA) recently published a draft pesticide risk assessment document highlighting the lack of consideration of pesticide exposure for bumblebees and solitary bees ([@bb0080]), whilst also acknowledging that test methods for these species are still only in the developmental stages. Subsequently, the Organisation for Economic Co-operation and Development (OECD) has released bumblebee protocols for acute contact ([@bb0260]) and oral ([@bb0265]) toxicity that follows the risk assessment scaffold for honey bees. In view of the differing impact of pesticides on different pollinator species, there is clearly now a need for better harmonization of test protocols.

Whilst there are many ways of measuring acute toxicity/impact of pesticides on bees, the median lethal dose or LD~50~ is most commonly applied as the values are more directly comparable than field data ([@bb0350]). Furthermore, whilst acute LD~50~ values don\'t necessarily fully reflect toxicity in the field, they are a good way of standardizing and comparing between different test compounds. Whilst it has been noted that pesticides toxic to *A. mellifera* have broadly similar effects on bumblebees, it is not always appropriate to extrapolate and derive specific LD~50~ values for bumblebees (or any other bee species) from honey bee LD~50~ data ([@bb0355]; [@bb0145]), since some pesticides are clearly more toxic to honey bees, while others are more toxic to bumblebees ([@bb0010]). Furthermore, for honey bees, it has been shown that differential sensitivity can also be found within a particular chemical class of insecticide ([@bb0165]), including for the neonicotinoids, pyrethroids, organophosphates and diamides -- see [Fig. 1](#f0005){ref-type="fig"} for examples. In this study we find that intrinsic tolerance to certain insecticides within a chemical class extends to the bumblebee, *B. terrestris*, since this pollinator shows not only profound differences in its sensitivity to different neonicotinoids (thiacloprid, imidacloprid (as previously reported) ([@bb0210]) and acetamiprid), but also, as in honey bees, to different compounds belonging to other insecticide classes, including the pyrethroids (deltamethrin, *tau*-fluvalinate) and the organophosphates (chlorpyrifos, coumaphos).Fig. 1Acute 48 h contact and oral LD~50~ toxicity data for honey bee. Differential selectivity is found within most chemical classes of insecticides. Sources: ECOTOX ([@bb0075]) and AGRITOX ([@bb0005]) databases (data compiled by Sanchez-Bayo & Goka ([@bb0305])) and the Pesticide Properties Database ([@bb0205]) (accessed at <https://sitem.herts.ac.uk/aeru/ppdb/en/>). Chemical structures were obtained from PubChem ([@bb0190]) (accessed at <https://pubchem.ncbi.nlm.nih.gov/>).Fig. 1

2. Materials and methods {#s0010}
========================

2.1. Chemicals {#s0015}
--------------

Technical grade imidacloprid, thiacloprid and acetamiprid (neonicotinoids); *tau*-fluvalinate and deltamethrin (pyrethroids); chlorpyrifos-methyl and coumaphos (organophosphates); piperonyl butoxide (PBO) and triflumizole (synergists) were purchased from Sigma-Aldrich Company Ltd. (United Kingdom).

2.2. Bees {#s0020}
---------

*Bombus terrestris audax* standard hives were obtained from Agralan Ltd. (Swindon, UK). Hives were maintained in constant darkness at 25 °C, 50% RH. The colonies were fed *ad libitum* on the nectar substitute, Biogluc® and pollen was supplied every 2 days to support larval development. For collecting bees for bioassay, entire hives were anesthetized using CO~2~ for the minimum time required to safely select and remove individual female workers. If required, bees were individually anesthetized again, prior to topical application of the synergist/insecticide, for the minimum amount of time required (5--10 s) to render them docile enough for safe handling. As the weight of individual *B. terrestris* workers varied, we limited our selection to individuals weighing between 150 and 250 mg. We also only selected healthy looking bees, *i.e.* those with intact legs and wings, and without bald patches and avoided using newly emerged callow bees in bioassays.

2.3. Insecticide bioassays {#s0025}
--------------------------

Acute contact and oral toxicity bioassays were based on the OECD Honey Bee Acute Contact Toxicity and Acute Oral Toxicity Test guidelines ([@bb0250]; [@bb0255]), with modifications as described. The bees were housed individually in disposable plastic tubes stoppered with cotton wool for the duration of the test period. For each set of bioassays, workers were selected from at least two colonies to limit potential colony effects. At least 5 concentrations of each technical grade insecticide were tested. The appropriate range of doses for each compound was determined using range-finder bioassays. In this way the lowest and highest doses of each insecticide needed to cause 0% and 100% mortality respectively where determined. The intermediate doses then followed a geometric progression, with the ratio between successive doses generally not exceeding 2. For each of the optimized concentrations at least 3 replicates, with \~10 bees per replicate were done.

For acute contact bioassays, test doses of insecticides were delivered in 2 μl acetone to the dorsal thorax of each anesthetized worker bee using a Burkhard Hand Micro Applicator (Burkhard Scientific Ltd., UK). Control bees were treated with just 2 μl 100% acetone. Concentrations of 10, 50, 100, 500 and 1000 ppm (equivalent to 0.02 to 2 μg/bee) were applied for imidacloprid; 3125, 6250, 12,500, 25,000 and 50,000 ppm (equivalent to 6.25 to 100 μg/bee) for acetamiprid, thiacloprid and coumaphos; 50, 100, 500, 1000 and 5000 ppm (equivalent to 0.1 to 10 μg/bee) for deltamethrin; 1250, 2500, 5000, 10,000, 20,000 ppm (equivalent to 2.5 to 40 μg/bee) for tau-fluvalinate; 50,100, 200, 400, 800 ppm (equivalent to 0.1 to 1.6 μg/bee) chlorpyriphos. Treated worker bees were fed *ad libitum* with a 50% (*w*/*v*) sucrose solution from disposable plastic syringes and kept in an incubator (25 °C, 55% RH, permanent darkness) for the duration of the test period.

Acute oral bioassays were only performed for the neonicotinoid insecticides, as these were the only compounds with sufficiently high solubility to enable LD~50~ values to be accurately determined. The three neonicotinoid compounds were dissolved in acetone up to the highest concentration possible, before being diluted to the appropriate test concentrations with 50% sucrose (*w*/*v*), to limit the volume of acetone consumed by the bees. Concentrations of 0.01, 0.1, 1, 10 and 100 ppm (equivalent to 0.0002 to 2 μg/bee) were fed for imidacloprid and 50, 100, 500, 1000 and 5000 ppm (equivalent to 0.2 to 100 μg/bee) for acetamiprid and thiacloprid. Worker bees were starved of sucrose solution for 2 h prior to testing to encourage feeding during the bioassay. Individual bees were supplied with 20 μl of insecticide/sucrose solution in a disposable plastic syringe. Control bees were supplied with a sucrose solution containing a volume of acetone matching that of the treatment containing the highest volume of acetone. After 4--6 h, the feeding syringes were assessed to ensure that only bees that had consumed the entire dosage were recorded in the bioassay. The selected bees were then fed 50% sucrose (*w*/*v*) *ad libitum*.

2.4. Synergist bioassays {#s0030}
------------------------

The upper limit of each synergist that could be applied, without causing any mortality, was determined by initial range-finder tests. The final sub-lethal amount of synergist applied in bioassays was 20 μg/bee for PBO and triflumizole. In both contact and oral bioassays, the synergist was delivered in 2 μl acetone to the dorsal thorax of each anesthetized bee 1 h before topical application or feeding of insecticide ([@bb0155]) at the appropriate dosage as above, with the following exceptions: 1, 5, 10, 50, 100, 500 ppm (equivalent to 0.002 to 1 μg/bee) for deltamethrin; 5, 10, 50, 100, 500 ppm (equivalent to 0.01 to 1 μg/bee) for tau-fluvalinate. In addition to the standard acetone control, each bioassay included a synergist control treated with the maximum sublethal dose of each synergist.

2.5. Assessment and analysis {#s0035}
----------------------------

Mortality for both contact and oral toxicity bioassays was assessed 48 and 72 h after application of the insecticide. Bees were only assessed as 'dead' if they were truly dead, rather than moribund or severely affected, to eliminate subjectivity in the results. For each group of insecticide bioassays, a chi square test was used to verify that the control mortalities (which were consistently \<10%) for each type of bioassay were not significantly different (see Supplementary data). The LD~50~ values (±95% confidence intervals) and slope were estimated for each insecticide using probit analysis ([@bb0100]), correcting the model for control mortality using generalized least squares ([@bb0400]). Based on the contact LD~50~ value, the pesticide is classified as 'practically non-toxic' (LD~50~ \> 100 μg/bee), slightly toxic (100 \> LD~50~ \> 11 μg/bee), 'moderately toxic' (11 \> LD~50~ \> 2/μg bee) or 'highly toxic' (LD~50~s \<2 μg/bee) ([@bb0095]; [@bb0385]).

3. Results {#s0040}
==========

Specific LD~50~ values, 95% confidence intervals, and synergism ratios for each compound tested, at 48 h and 72 h post treatment, are presented in [Tables 1](#t0005){ref-type="table"}--3.Table 1Neonicotinoid acute contact and acute oral LD~50~ values (±95% confidence intervals), slope (±SE) and synergism ratio for *B. terrestris,* 48 and 72 h after application of insecticide. Synergism ratio is also shown, where synergists were used (piperonyl butoxide (PBO)). Compounds with LD~50~ values \>100 μg/bee can be regarded as practically non-toxic ([@bb0095]); in such cases we could not achieve 100% mortality and could not generate LD~50~ values. When found to be non-toxic a limit test was carried out. Abbreviations used for toxicity classification: practically non-toxic (PNT), slightly toxic (ST), moderately toxic (MT), highly toxic (HT).Table 1ApplicationPesticideSynergist48 h72 hLD~50~\
(μg/bee)95% CISlope± SESynergism\
RatioLD~50~\
(μg/bee)95% CISlope± SESynergism\
RatioToxicityTopicalAcetamipridNone\>100n/an/an/an/a\>100n/an/an/an/aPNTPBO\>100n/an/an/an/a\>100n/an/an/an/aPNTImidaclopridNone0.380.12--1.450.60.11n/a0.310.138--1.01.00.26n/aHTPBO0.110.06--0.191.00.153.50.0180.04--0.091.20.137.0HTThiaclopridNone\>100n/an/an/an/a\>100n/an/an/an/aPNTPBO\>100n/an/an/an/a\>100n/an/an/an/aPNTOralAcetamipridNone13.139.27--18.632.90.59n/a12.889.18--18.032.850.56n/aSTPBO9.035.44--13.072.40.511.58.455.47--11.692.60.521.6MTImidaclopridNone0.0380.012--0.0751.50.44n/a0.0420.015--0.0791.80.54n/aHTPBO0.0320.016--0.051.90.411.20.0230.0058--0.0481.50.411.8HTThiaclopridNone19.6813.45--26.881.80.26n/a16.405.26--33.11.480.41n/aSTPBO4.732.55--7.711.40.244.164.320.963--10.401.260.363.8MT

3.1. Neonicotinoids {#s0045}
-------------------

Topical application of imidacloprid was highly toxic to *B. terrestris* workers, and a low synergistic effect was seen when the bees were pre-treated with PBO ([Table 1](#t0005){ref-type="table"}). In contrast, topical applications of acetamiprid or thiacloprid were practically non-toxic*.* For these two compounds, we tested doses of up to 100 μg/bee (limit test), with and without PBO, and were unable to obtain sufficient mortality to generate LD~50~ values. Overall there was a significant (\> 250-fold) difference in toxicity between imidacloprid and acetamiprid or thiacloprid.

Oral application of the three neonicotinoids significantly increased their toxicity. Imidacloprid was again highly toxic, though this time less synergism was observed with PBO. Thiacloprid or acetamiprid alone were only slightly toxic but became moderately toxic with the addition of PBO. Again, there was a significant (\> 250-fold) toxicity difference between imidacloprid and acetamiprid or thiacloprid ([Table 1](#t0005){ref-type="table"}). The LD~50~ values for oral toxicities of all three neonicotinoids to bumblebees were virtually identical to those reported for honey bees ([Fig. 1](#f0005){ref-type="fig"}). LD~50~ values obtained for imidacloprid and acetamiprid were also very similar to those previously reported for *B. terrestris* ([@bb0305]).

3.2. Pyrethroids {#s0050}
----------------

Topically applied deltamethrin was highly toxic to *B. terrestris,* whilst *tau-*fluvalinate was only slightly toxic (an approximate 17.5-fold difference). Only relatively mild synergism occurred for both compounds with the pre-application of triflumizole, but substantial synergism occurred with PBO, with synergism ratios of \~180 for deltamethrin and \~148 for *tau*-fluvalinate at 48 h post- insecticide application ([Table 2](#t0010){ref-type="table"}). The topical LD~50~ of *tau*-fluvalinate to bumblebees is virtually identical to that reported for honey bees ([Fig. 1](#f0005){ref-type="fig"}). The recorded LD~50~ values for deltamethrin are also in line with those previously reported for *B. terrestris* ([@bb0305]).Table 2Pyrethroid acute contact LD~50~ values (±95% confidence intervals), slope (±SE) and synergism ratio for *B. terrestris,* 48 and 72 h after application of insecticide. Synergism ratio is also shown, where synergists were used (piperonyl butoxide and triflumizole). Abbreviations used for toxicity classification: practically non-toxic (PNT), slightly toxic (ST), moderately toxic (MT), highly toxic (HT).Table 2ApplicationInsecticideSynergist48 h72 hLD~50~\
(μg/bee)95% CISlope± SESynergism RatioLD~50~\
(μg/bee)95% CISlope± SESynergism RatioToxicityTopicalDeltamethrinNone1.070.53-1.861.20.20n/a0.790.36-1.411.440.27n/aHTPBO0.00600.0038-0.00842.60.54179.60.00570.0036-0.00822.450.51139.0HTTriflumizole0.190.1-0.341.30.225.60.150.059-0.2881.750.435.2HTTau-fluvalinateNone18.7113.61-25.451.90.30n/a14.0010.25-18.352.280.35n/aSTPBO0.130.077-0.2171.00.15148.30.120.072-0.2031.000.15117.9HTTriflumizole12.758.16-19.31.50.281.55.723.18-8.311.750.332.4MT/ST

3.3. Organophosphates {#s0055}
---------------------

Topically applied coumaphos was practically non-toxic to *B. terrestris*, even after pre-application of PBO or triflumizole, with doses of up to 100 μg/bee giving insufficient mortality to generate LD~50~ values ([Table 3](#t0015){ref-type="table"}). Chlorpyrifos-methyl in contrast was 150-fold more toxic to *B. terrestris* and classified as highly toxic. The previously reported LD~50~ value for chlorpyrifos-methyl ([@bb0305]) was slightly lower than that recorded here, implying an even greater level of toxicity to *B. terrestris*.Table 3Organophosphate acute contact LD~50~ values (±95% confidence intervals), slope (±SE) and synergism ratio for *B. terrestris* 48 and 72 h after application of insecticide. Synergism ratio is also shown where synergists were used (piperonyl butoxide and triflumizole). Compounds with LD~50~ values \>100 μg/bee can be regarded as practically non-toxic ([@bb0095]); in such cases we could not achieve 100% mortality and could not generate LD~50~ values. When found to be non-toxic a limit test was performed. Abbreviations used for toxicity classification: practically non-toxic (PNT), slightly toxic (ST), moderately toxic (MT), highly toxic (HT).Table 3ApplicationPesticideSynergist48 h72 hLD~50~\
(μg/bee)95% CISlope± SESynergism\
RatioLD~50~\
(μg/bee)95% CISlope± SESynergism\
RatioToxicityTopicalChlorpyrifosNone0.640.5-0.784.50.94n/a0.570.34-0.823.61.01n/aHTPBO0.440.31-0.662.30.501.40.390.28-0.542.90.641.4HTCoumaphosNone\>100n/an/an/an/a\>100n/an/an/an/aPNTPBO\>100n/an/an/an/a\>100n/an/an/an/aPNTTriflumizole\>100n/an/an/an/a\>100n/an/an/an/aPNT

The data reported for the bumblebee, *B. terrestris,* and the representative insecticides in the three chemical classes neonicotinoids, pyrethroids and organophosphates are further summarized in [Fig. 2](#f0010){ref-type="fig"} and compared with previously recorded data for honey bees in [Fig. 3](#f0015){ref-type="fig"}.Fig. 2LD~50~ values for topical insecticide bioassays. Thresholds are depicted according to EPA toxicity ratings (USEPA ([@bb0385])). Error bars display 95% CLs (*n* = 4).Fig. 2Fig. 3Comparison of bumblebee and honeybee LD~50~ values obtained by topical bioassays. Thresholds are depicted according to EPA toxicity ratings (USEPA ([@bb0385])). Error bars display 95% CLs (n = 4).Fig. 3

4. Discussion {#s0060}
=============

Neonicotinoids currently make up 30% of insecticide sales worldwide ([@bb0325]). There are at least seven compounds commercially available, including the *N*-nitroguanidines imidacloprid, thiamethoxam (metabolized to clothianidin in the plant, insect and environment) ([@bb0235]), clothianidin and dinotefuran, the nitromethylene nitenpyram and the *N*-cyanoamidines acetamiprid and thiacloprid ([@bb0160]). Initially, five of these, clothianidin, imidacloprid, thiamethoxam, thiacloprid and acetamiprid, were approved for use in the European Union, but several of these have now been banned due to their perceived detrimental effects on honey bees. Concern over effects on plant pollinators has mostly focused on the *N*-nitroguanidines because they are most commonly used, they have greater honey bee toxicity ([@bb0210]; [@bb0155]; [@bb0230]) and are often applied as seed treatments so can be present in the pollen and nectar of treated crops ([@bb0300]). The *N*-cyanoamidines are generally considered to be safer for honey bees (*e.g.* see [@bb0310]) ([@bb0310]), with oral and contact toxicities 2--3 orders of magnitude lower than for the *N*-nitroguanidines. In a recent study ([@bb0210]), Manjon et al. demonstrated that the nicotinic acetylcholine receptors of honey bees do not distinguish between thiacloprid and imidacloprid, and that the target is equally sensitive to both compounds. They subsequently identified a single honey bee cytochrome P450 enzyme, CYP9Q3 belonging to the CYP9Q family, capable of efficiently detoxifying thiacloprid and acetamiprid to less toxic metabolites before they reach the receptor. Two close paralogs of CYP9Q3 in *B. terrestris,* CYP9Q4 and CYP9Q6, have also been identified as a metabolizer of thiacloprid and acetamiprid ([@bb0210]; [@bb0375]). In contrast, these CYP9Q P450s were poor imidacloprid metabolizers. The results reported here demonstrate that as for honey bees, both thiacloprid and acetamiprid are not acutely toxic to bumblebees, as determined by median lethal dose (LD~50~). Furthermore, application of PBO had a minimal effect on LD~50~ values, suggesting that although considered a generalist P450 inhibitor it is not an effective inhibitor of CYP9Q4 or CYP9Q6. What is clear from the present study, and that of Manjon et al. ([@bb0210]) is that the neonicotinoids thiacloprid and acetamiprid are much less toxic to both honeybees and buff-tailed bumblebees than imidacloprid, even though they all target nicotinic acetylcholine receptors. These results further suggest that the new insect nicotinic acetylcholine receptor modulators which have been developed over the past ten years, which include the sulfoximines ([@bb0440]) exemplified by the systemic insecticide sulfoxaflor ([@bb0335]), the butenolides such as flupyradifurone ([@bb0240]) and the mesoionics exemplified by triflumezopyrim ([@bb0055]), and flupyrimin ([@bb0275]) should each be assessed for their toxicity to bees as individual compounds and not assumed to have the same toxicity as the *N*-nitroguanidine neonicotinoids. Recently, it was shown that sulfoxaflor may potentially harm bumblebees ([@bb0330]), however, no data is currently available for other sulfoximine insecticides. Equivalent studies have not to date been conducted on the other competitive modulators of nicotinic acetylcholine receptors listed above, which initial toxicology reports suggest are relatively bee safe.

Since the recent phased ban of several neonicotinoid compounds across Europe, pyrethroid insecticides are now being more intensively used. Pyrethroids have for many decades been widely applied in agriculture, and in urban areas for vector control. They are highly lipophilic, broad-spectrum insecticides, and exert their insecticidal effect by prolonging the open phase of the voltage-gated sodium channel in neurons ([@bb0245]). Currently, the impact of pyrethroids on bumblebee pollinators is poorly characterized. Chronic exposure to λ-cyhalothrin has been reported to have a significant impact on worker size, a key aspect of bumblebee colony function, particularly under conditions of limited food resources ([@bb0015]), and bumblebee mortality under field conditions ([@bb0040]). In contrast the pyrethroid *tau*-fluvalinate is considered to be bee safe even when sprayed in the full-flight phase of bumblebees ([@bb0360]). However, repeated application for control of in-hive Varroa mites can contaminate wax to levels as high as 200 ppm, leading to issues with larval survival ([@bb0025]; [@bb0435]). Our study confirms that, as shown for other *alpha*-cyano substituted pyrethroids, deltamethrin is highly toxic to *B. terrestris,* while *tau-*fluvalinate, which is routinely employed in apiaries to control Varroa, is only slightly toxic (an approximate 17.5-fold difference). Both pyrethroids are synergized by the application of PBO. A previous study ([@bb0215]) has indicated that in honey bees the P450s CYP9Q1, CYP9Q2, and CYP9Q3 are capable of metabolizing *tau*-fluvalinate, likely explaining the low toxicity of this compound to this species. The potent synergism seen between *tau*-fluvalinate and PBO suggests that, as previously reported for honeybees, P450s are especially important in the detoxification of this pyrethroid in *B. terrestris*.

The organophosphate chlorpyrifos, which is used to treat a number of crops on which bumblebees forage, including grasslands, cranberries, topfruit, oilseed rape, and potatoes, is confirmed in our study as being highly toxic to bumblebees. Organophosphorus insecticides in general function by inhibiting the enzyme acetylcholinesterase, which mediates the transmission of nerve signals ([@bb0105]). In contrast to chlorpyrifos, coumaphos, which is often used in hives to control Varroa, is relatively bee safe. With repeated use, coumaphos, considered to have low acute toxicity, can build up in the wax of honey bee colonies to concentrations as high as 90 ppm, again leading to issues with larval mortality of both queens and workers ([@bb0025]; [@bb0435]). In common with *tau*-fluvalinate, the honey bee CYP9Q1--3 P450s have been shown to be capable of metabolizing coumaphos ([@bb0215]). These three P450s therefore seem to play a key role in the honey bees\' defense against insecticides, being capable of metabolizing compounds belonging to at least three different insecticide classes, as well as natural diet-derived phytochemicals such as quercetin. The CYP9Q family in general, may therefore be critically important in defining the sensitivity of eusocial bees, including *B. terrestris,* to xenobiotic insult ([@bb0210]). Thus, there is a growing body of evidence that metabolism by different P450s in different bee species influences the toxicity of insecticides and that extrapolations from one combination of chemical/bee species to another combination should not be made.

5. Conclusions {#s0065}
==============

The data reported here show that in all three of the chemical classes tested there are significant differences in toxicity towards *B. terrestris*. For the neonicotinoids, imidacloprid is highly toxic but thiacloprid and acetamiprid are practically non-toxic, for pyrethroids deltamethrin is highly toxic but tau-fluvalinate is only slightly toxic and for the organophosphates chlorpyrifos in highly toxic but coumaphos is practically non-toxic. These results are similar to those reported for honey bees and are important because they demonstrate that a chemical class of insecticide does not indicate its potential toxicity and that decisions on regulation of use should be based on the properties of each compound, rather than its chemical class or its target site within the insect. Our results do not however address 'sublethal' effects that may result in eventual death, nor can they be extrapolated to make predictions for less resilient bee species (*e.g.* see Arena & Scolastro) ([@bb0010]).
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